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Abstract 
 
Nanoscale Structure-Mechanics Principles of Murine Joint Tissues 
Basak Doyran Sitik 
Advisor: Lin Han, Ph.D. 
 
Proper biomechanical function of cartilage is determined by the structure and 
mechanical characteristics of its extracellular matrix (ECM) at the nanoscale. In 
osteoarthritis (OA), a chronic cartilage degenerative disease that affects more 
than 27 million Americans, changes of nanomechanical properties are direct 
manifestations of the breakdown and dysfunction of cartilage. To this end, 
understanding the structure and mechanical properties of cartilage ECM at the 
nanoscale has the potential to yield new targets for disease detection and 
treatment, as well as cartilage functional repair.    
In this dissertation, nanomechanical properties of murine joint tissues 
were studied, with a focus on three aspects of biomechanical function and 
disease. Specifically, this study probed the early detection of knee OA, molecular 
mechanisms of cartilage development, as well as the structure-mechanics 
principles of a unique cartilaginous tissue pair, the temporomandibular joint (TMJ) 
disc and condyle cartilage. Atomic force microscopy (AFM)-based 
nanoindentation was used as the primary tool to assess the mechanical 
properties of micrometer-thick murine tissues, which cannot be studied via 
conventional biomechanical assays. 
Outcomes of this dissertation underscored the high sensitivity of 
nanoindentation in detecting cartilage degeneration in OA, and the importance of 
two regulatory matrix molecules, decorin and biglycan, in cartilage function. 
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Further, understanding of the TMJ disc and condyle cartilage biomechanics 
provided a benchmark for probing the pathogenesis of TMJ OA using murine 
models. Taken together, findings from this dissertation will contribute to building 
a fundamental knowledge basis of cartilage pathomechanics, which has the 
potential to yield new insights into new disease detection and tissue repair 
strategies.  
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Chapter 1: INTRODUCTION 
 
Osteoarthritis (OA) is a degenerative musculoskeletal disease that affects more 
than 27 million people in the United States [1], and its vulnerability surges with 
increasing age, obesity, trauma or misalignment of joints [2, 3].  OA results in 
structural and functional failures of synovial joints [4], caused by abnormal 
mechanical stresses and catabolic processes acting within the joint. Notably, 
articular cartilage is a soft hydrated avascular tissue, which covers the articular 
ends of the bones in synovial joints. Due to its position within the joint, it is 
subjected to forces and it reduces the stresses on the joint by acting as a cushion 
to protect the subchondral bone and providing a low-friction and low-wear 
bearing surface [5]. In OA, macromolecular extracellular matrix (ECM) of articular 
cartilage is irreversibly impaired. Since ECM attributes the load-bearing capability, 
this irreversible damage prevents articular cartilage to perform its structural and 
mechanical functions properly [6]. The OA-associated structural and mechanical 
property changes of cartilage ECM include collagen network disruption, decrease 
in proteoglycan content and reduction of cartilage modulus [7-10]. 
Native cartilage ECM is a highly organized, spatially heterogeneous, 
hydrated composite, which surrounds and is produced by cartilage cells called 
chondrocytes. Cartilage ECM is mainly composed of two matrix constituents, the 
type II/IX/XI collagen fibrillar network (~ 20-30%, wet weight) and the large 
proteoglycan (PG), aggrecan (~ 10-15%, wet weight) (Fig.1.1a) [6, 11]. Collagen 
is made of tropocollagen molecule, three polypeptide α chains, which is ~ 300 
nm long and ~1.5 nm in diameter, and it is coiled together to form a right-handed 
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triple helix [12]. Each α chain encloses  ~ 600-3000 amino acid residues that are 
composed of glycine, proline and hydroxyproline [13]. Moreover, many collagen 
molecules come together side-by-side to form fibrils with a diameter of ~ 50-200 
nm and cross-linked fibrils form collagen network that attributes to tensile 
strength of cartilage [12]. The collagen fibrils in cartilage ECM are heteropolymer, 
which is composed of type II, IX and XI collagens [14]. The type XI collagen is in 
the center, which is surrounded by type II collagen and this coupling is 
complemented by type IX collagen to enable connections with other ECM 
biomolecules [14]. Aggrecan, the most abounded proteoglycan in cartilage ECM, 
is composed of a protein core (counter length Lc ~ 400 nm) that has densely 
packed glycosaminoglycan (GAG) side chains, mainly chondroitin sulfate 
glycosaminoglycan (CS-GAG, counter length Lc ~ 40 nm) and keratin sulfate 
glycosaminoglycan (KS-GAG, counter length Lc ~ 10 nm) chains [15]. Aggrecan 
is a highly negatively charged brush-like proteoglycan, which is entrapped within 
the collagen network and bonds to hyaluronan (HA) via link protein to form large 
aggrecan aggregates [16, 17]. These aggregates are the determinant of osmotic 
swelling pressure, hydraulic permeability, compression resistance and shear 
strength of cartilage [6, 18-20]. HA is a linear GAG molecule (counter length Lc ~ 
1-7 µm) that anchors aggrecan within cartilage ECM, which is critical for 
aggrecan retention [21]. HA also interacts with cells to inhibit cell-cell adhesion, 
promote cell migration and provide lubrication on cartilage surface [21-23].  
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Figure 1.1 The cartilage ECM molecules and molecular organization. a) Major 
ECM molecules. b) Secondary matrix molecules and ECM molecular 
organization (schematics inspired by Heinegard et al. [11]). 
 
	  
The biomechanical properties of cartilage are attributed to its major ECM 
molecules [6] and many studies investigate the tissue-level mechanics under 
different macroscopic loading configurations such as compression, shear, 
osmotic swelling and indentation [24-29]. These studies uncover the critical 
mechanical properties of cartilage such as elastic deformation, macromolecular 
frictional viscoelasticity and fluid-dependent poroelasticity [30, 31]. In cartilage 
ECM, negatively charged aggrecan provides osmotic pressure and contributes to 
compressive properties of the tissue [32]. The collagen network in the cartilage 
acts as a tension-resistant constituent and balances the osmotic pressure of 
proteoglycans [18, 33]. Moreover, collagen network and proteoglycans are 
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integrated to withstand tension and limit the permeability of cartilage [34, 35]. 
Overall macromolecular ECM demonstrates the anisotropic, heterogeneous and 
nonlinear compression-tension behavior of cartilage [36]. Due to interstitial fluid 
and collagen-proteoglycan solid components of ECM, cartilage is often 
considered as a biphasic material [31, 37].  
 Besides the major constituents, cartilage ECM also contains quantitatively 
minor, secondary matrix proteins and proteoglycans such as small leucine-rich 
proteins/proteoglycans (SLRPs), type VI collagen and matrilins (Fig.1.1b). These 
molecules do not directly contribute to cartilage mechanical properties, but 
instead, they are regulators of ECM assembly and integrity [11]. SLRPs are 
composed of leucine-rich repeat (LRR) core proteins that give rise to a 
superfamily due to their GAG side chains, which are CS, KS and dermatan 
sulfate (DS). Superfamily of SLRPs is composed of decorin, biglycan, asporin 
(class I), fibromodulin, lumican (class II), epiphycan (class III) and 
chondroadherin (class IV) [38-45]. These molecules bind to transgenic growth 
factor-β (TGF-β) to regulate cell signaling [46, 47], and bind to collagen and other 
matrix molecules to regulate collagen fibrillogenesis [40, 48-50]. Type VI collagen 
is arranged in a basket weave-like collagen network [51], which plays an 
important role in pericellular matrix (PCM) organization and anchoring 
chondrocytes to surrounding ECM [52]. Also, the matrilins are composed of Von 
Willebrand factor A (VWA) domains and give rise to a four member family of 
matrilins: matrilin-1, -2, -3 and -4 [53]. Matrilins bind to matrix biomolecules to 
sustain assembly and facilitate interactions among them [54, 55]. In order to 
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study the contribution of individual matrix biomolecules to cartilage biomechanics 
by their unique functional roles, nanomechanical methods must be applied.  
Nanomechanical methods provide an opportunity to investigate different 
zonal or territorial regions of cartilage at microscale and ECM biomolecules of 
cartilage at nanoscale [56]. In addition, individual ECM biomolecules, such as 
collagen or aggrecan, can be studied in an isolated or assembled form via 
nanomechanical methods [57-59]. There are numerous nanomechanical 
methods available for studying the cartilage ECM nanomechanics such as atomic 
force microscopy (AFM)-based indentation, instrumented (depth-sensing) 
indentation, AFM-based force spectroscopy, surface force apparatus and optical 
tweezers [60-65]. In AFM-based indentation and instrumented (depth-sensing) 
indentation methods, force (F) versus indentation depth (D) curve of samples are 
measured by different shaped indenters. The indentation modulus, Eind, of the 
tested sample is calculated from each F-D curve [7, 66-69]. Also, indentation 
force relaxation and dynamic oscillatory loading techniques are used to quantify 
the time-dependent visco and poroelastic behavior of cartilage [67, 68, 70]. 
Studies via indentation methods reveal the native, OA-related and engineered 
cartilage mechanical properties to better understand the contribution of ECM 
biomolecules to tissue-level mechanics and to detect early changes of ECM 
biomolecules in disease state [7, 66, 67, 71-73]. In AFM-based force 
spectroscopy, quantification of molecular-level interactions of cartilage ECM 
molecules such as aggrecan and its CS-GAG side chains are investigated [59, 
61, 74]. Specifically, contribution of electrostatic repulsion between these 
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molecules to the compressive mechanical properties of cartilage ECM is 
revealed, where the importance of nanoscale heterogeneity in electrical potential 
amongst aggrecan is highlighted [59]. In surface force apparatus, lubrication 
properties of HA and lubricin are explored [75-78]. Lubricin (PRG4) is a 
glycoprotein found in synovial fluid, which provides lubrication and wear 
protection for cartilage surface [79]. Studies by surface force apparatus are 
revealed the origins of boundary biolubrication and wear protection properties in 
articular cartilage, which are due to the presence of biological polyelectrolytes on 
the cartilage surface [76, 77]. Also, optical tweezers are operated to examine the 
force and extensions of single cartilage biomolecules such as HA, type II 
collagen and proteoglycan aggregates [80-83]. Findings from these studies are 
used to estimate polymer counter length, Lc, and polymer persistence length, Lp, 
from the worm-like chain model [84]. These parameters are used to describe 
mechanical behavior of a polymer in ECM, which can be used to design tissue 
engineering or drug delivery systems [80, 82].  
 One notable application of the AFM-based nanoindentation is to small 
and thin murine tissues. Murine models offer a platform to study developmental 
biology and critical disease mechanisms due to their similar genome to human, 
low cost, short lifespan and availability to gene deletion [85]. With the application 
of AFM-based nanoindentation, biomechanical properties of murine tissues in 
native [86-90], genetically modified [71, 91] and OA conditions [7] are 
investigated. Specifically, studies on native murine tissues reveal the 
biomechanical properties of meniscus, cartilage and tail tendon, which creates 
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the opportunity for future pathogenesis and genetically engineered murine model 
studies [86-89]. An AFM-based nanoindentation study on PRG4-/- mice reveals 
the critical functional roles of glycoprotein in joint lubrication and function, where 
the absence leads to OA-like degeneration in the cartilage [91]. Another study on 
genetically modified mice, chondroadherin (CHAD)-null mice, shows reduction in 
indentation modulus of cartilage compared to wild-type mice, which suggests the 
regulatory role of CHAD in the assembly and function of cartilage ECM [71]. 
These studies indicate both that AFM-based nanoindentation is a sensitive tool to 
investigate cartilage degeneration and ability to perform such tests on small 
murine tissues can enable studies related to developmental biology and OA 
models.  
The overall objective of this dissertation is to reveal the nanoscale 
structure-mechanics principles of ECM in the function and disease progression of 
murine joint tissues. In this dissertation, the structure-mechanics relationship in 
murine models is used to investigate the musculoskeletal disease and 
development in articular cartilage, and to study the properties of a unique 
musculoskeletal tissue, i.e. temporomandibular joint (TMJ). Moreover, this 
dissertation highlights the significance of nanoscale structure-mechanics 
principles in providing a new medium to study joint tissues on healthy animals 
and use it to evaluate joint tissue development, degradation and regeneration 
when combined with disease models. In order to address the overall objective, 
following specific aims are studied respectively: 
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Aim #1 – Reveal the nanomechanical phenotype of post-traumatic 
osteoarthritis (PTOA) after destabilization of medial meniscus (DMM) 
The hypothesis is that nanoindentation modulus is a sensitive indicator of early 
OA than histology-based tissue-level symptoms. In order to test this hypothesis, 
DMM surgery was performed on the right knees of 12-weeks old male, wild-type 
(WT) C57BL/6 mice, with the Sham control on the left, and AFM-based 
nanoindentation is performed at different time points after surgery. Indeed, data 
show that AFM-based nanoindentation detects significant reduction in the 
modulus of medial condyle cartilage of DMM knees as early as one week, much 
earlier than the appearance of histological OA signs that appear at 4-8 weeks 
post-surgery. Integrated analyses of cartilage nanomechanics and OA assays 
allow the development of a novel nanomechanics-based OA evaluation assay. 
Aim #2 – Identify the roles of decorin in cartilage nanostructure and 
nanomechanics during skeletal maturation  
The hypothesis is that decorin governs the assembly of collagen structure and 
mechanical properties of cartilage ECM. In order to test this hypothesis, the 
nanomechanical properties, collagen fibril structure and histological stainings of 
decorin-null (Dcn-/-) and control wild-type mice articular cartilages are examined. 
Indeed, data reveal the essential roles of decorin in the native structural and 
mechanical functions of cartilage, and provide direct molecular-level insights into 
cartilage development and maturation, which can further assist into evaluation of 
OA pathogenesis.  
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Aim #3 – Unveil the hierarchical structure and biomechanical properties of 
TMJ disc and condyle cartilage 
The hypothesis is that nanostructural properties of TMJ condyle cartilage and 
articular disc characterize the biomechanical properties of the joint tissue and 
any differences in the nanostructure between or within TMJ tissues lead to 
mechanical contrast or heterogeneity. In order to test this hypothesis, 12-week 
old male wild-type mice articular disc and condyle cartilage are inspected by 
AFM-based nanoindentation and scanning electron microscopy (SEM). For the 
disc, mechanical heterogeneity related to each of these regions (anterior, 
posterior, center, medial and lateral) is also quantified on both sides of the disc, 
superior and inferior sides. Indeed, data show mechanical difference between 
condyle cartilage and disc, where condyle cartilage surface being stiffer than 
superior and inferior sides of the disc. Also, both sides of the disc express 
micromechanical heterogeneity in numerous anatomical regions. Moreover, 
condyle cartilage exhibits randomly oriented collagen fibers and both sides of the 
disc show anteroposteriorly aligned collagen fibers on the surface. The 
biomechanical and structural knowledge gained from the mature native TMJ 
tissue can serve as a benchmark for future investigations of OA related 
transgenic or surgery induced murine models.  
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Chapter 2: NANOINDENTATION MODULUS OF MURINE CARTILAGE: A 
SENSITIVE INDICATOR OF THE INITITATION AND PROGRESSION OF 
POST-TRAUMATIC OSTEOARTHRITIS 
2.1 Introduction 
Post-traumatic osteoarthritis (PTOA) is a prevalent form of OA in young adults, 
characterized by injury-induced irreversible breakdown of articular cartilage and 
other synovial tissues [92]. It originates either from direct injury of cartilage 
surfaces, joint fractures, or from load instabilities created by ligamentous or 
meniscal damages [93]. Contrary to the aging-induced spontaneous OA, PTOA 
tends to affect younger and active adults, leading to a lengthier duration of 
disability and a higher financial burden [94]. In addition, PTOA takes a molecular 
pathology distinctive from the spontaneous OA [95]. Currently, molecular etiology 
and functional symptoms of PTOA are not well-defined, and thus, the search of 
predictive biomarkers and the development of effective therapeutics are still in 
the early stage [96, 97]. 
Murine models offer a unique stepping stone to bridge basic orthopaedic 
research with clinical practices of OA treatments [98], whereby genetic 
modifications are used in combination with surgical or other induced forms of OA 
[99]. In these studies, the degree of OA in mice is normally defined by tissue-
level symptoms measured via histology [100] and microcomputed topography 
(µCT) [101]. Semi-quantitative scoring systems, such as the Mankin and OARSI 
scores, [100] are used to describe micro-to-macroscopic structural and 
compositional changes. These assays, however, cannot detect PTOA until 
irreversible, tissue-level cartilage damage has taken place, nor can they directly 
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show compromises in the primary biomechanical functions of cartilage, such as 
load bearing and shock absorption. The study of disease-related changes in 
tissue biomechanical properties can, however, address both issues. First, 
mechanical properties are direct indicators of cartilage function. Second, 
mechanical changes represent integrated responses of compositional and 
structural alterations [102]. Third, if mechanical changes can be measured at 
smaller lengths, e.g., deformation with contact lengths at the nanometer scale 
(on the order of 1 µm or less, namely “nanomechanical symptoms”), they may 
precede macroscopic changes, aiding earlier detection of OA. 
The objective of this chapter is to reveal the nanomechanical symptoms of 
articular cartilage in murine PTOA, and to demonstrate its potential in serving as 
a sensitive indicator of OA initiation, attenuation and progression. PTOA will be 
induced in wild-type mice via the destabilization of the medial meniscus (DMM) 
surgery [103]. The DMM model is a well-defined joint instability-induced OA 
model, and has been widely used to study the roles of various molecular 
signaling pathways in PTOA [104-109]. After DMM, mild-to-moderate histological 
OA signs usually start at 4 weeks, and become significant at 8-12 weeks [103]. 
To evaluate the chronological changes in the nanomechanical properties of 
cartilage, we performed atomic force microscopy (AFM)-based nanoindentation 
on femoral condyle cartilage surfaces from 3 days to 12 weeks after DMM, and 
compared the results against joint morphological changes detected by histology 
and µCT. To reveal the spatiotemporal progression of OA, we compared the 
mechanical changes of condyle cartilage and meniscus on both the medial and 
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lateral sides at 8 weeks post-surgery. To test the sensitivity of nanoindentation in 
evaluating PTOA attenuation, we blocked catabolic enzymatic activities by 
GM6001 injection immediately after DMM, and examined whether this treatment 
can attenuate cartilage weakening at one week post-surgery.  
2.2 Methods  
2.2.1 Animal Surgery  
Skeletally mature, 12-week old male C57BL/6 wild-type mice (The Jackson 
Laboratory, Bar Harbor, ME) were subjected to the DMM and Sham surgeries on 
the right and left knees, respectively, following established procedures [107]. 
Only male mice were used because they develop more severe OA than females 
after DMM [110]. Under DMM, immediately after anesthesia, the right knee joint 
capsule was opened and the medial meniscotibial ligament was cut to destabilize 
the medial meniscus without damaging other tissues. Under Sham, the left joint 
capsule was opened in the same fashion to expose the ligament but without any 
further damage. Mice were maintained in their preoperative groups, allowed 
unrestricted cage exercise, and were weighted weekly until they were euthanized. 
All animal work performed in this study was approved by the Institutional Animal 
Care and Use Committee (IACUC) at the University of Pennsylvania. 
2.2.2 Atomic force microscopy (AFM)-based nanoindentation 
After euthanasia, bilateral distal femurs were dissected free of tendon and 
ligament tissue and glued onto AFM sample discs by a cyanoacrylate adhesive 
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Figure 2.1 a) Experimental design and timeline of AFM-based nanoindentation 
and histology studies on murine knees after surgery-induced post-traumatic 
osteoarthritis. b) Schematic of nanoindentation on the femoral condyle cartilage 
via AFM-based nanoindentation. c) Typical indentation force, F, versus depth, D, 
curves on the medial condyle cartilage at 8 weeks and 12 weeks after the 
surgery (one mouse each time point), DMM on the right knee and Sham on the 
left knee, measured in PBS (tip radius R ~ 5 µm, 10 µm/s indentation depth rate, 
each error bar represents 95% confidence interval of ≥ 10 indentation locations, 
solid line: Hertz model fit of the mean F-D curve). d) Histograms of distribution of 
Eind values obtained at all indentation locations (> 100 per group per time points) 
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Figure 2.1 (continued) on all mice at 1 week, 8 weeks and 12 weeks after 
surgery. Kolmogorov-Smirnov test shows the data distribution is significantly 
different from normal distribution (p < 0.001). 
 
 
gel (Loctite 409, Henkel Corp., Rocky Hill, CT), as described in Batista et al. 
[111]. Throughout the procedure, femurs were maintained in PBS with protease 
inhibitors (Pierce 88266, Fisher Scientific, Rockford, IL) to minimize post-mortem 
degradation. AFM-based nanoindentation was performed on the surfaces of 
femoral condyle cartilage using a borosilicate colloidal spherical tip (R ≈ 5 µm, 
nominal k ≈ 7.4 N/m, AIO-TL, cantilever C, NanoAndMore, Lady’s Island, SC) 
and a Dimension Icon AFM (BrukerNano, Santa Barbara, CA) (Fig. 2.1a,b). For 
each condyle cartilage at each time point (n = 5-12), at least 10-15 different 
indentation locations were tested on the load bearing regions at 1 to 10 µm/s 
AFM z-piezo displacement rates (approximately indentation rates). At each 
location and rate, nanoindentation was repeated for three times, with 2-3 
seconds dwell time between each repeat, and the F-D curves are highly 
consistent amongst different repeats. Each indentation was performed up to a 
maximum indentation force ≈ 1 µN, corresponding to a maximum indentation 
depth ≈ 0.4-1 µm (e.g., Dmax = 0.36±0.07 µm for Sham, 1.14±0.24µm for DMM on 
medial condyles at 8 weeks post-surgery, mean ± 95% CI, n = 10). The effective 
indentation modulus, Eind, was calculated by fitting the entire loading portion of 
each F-D curve to the Hertz model (Fig. 2.1c),  
 ( )
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where R is the tip radius, and ν is the Poisson’s ratio (≈ 0.1 for cartilage [112]). 
Here, we did not apply the Oliver-Pharr method to the unloading curve, since the 
Oliver-Pharr method assumes elastic-plastic material deformation [113], a 
distinctive mode from the reversible poroviscoelastic deformation of cartilage 
[114]. Under poroviscoelastic relaxation, calculation of elastic recovery modulus 
based on the unloading F-D curve slope can lead to falsified high EO−P values, 
whereas such artifact is absent when applying the Hertz model to the loading F-D 
curve. While the Hertz model does not capture the time-dependent, 
poroviscoelastic characteristics of cartilage, it provides a direct measure of 
cartilage’s “effective indentation modulus” at a given rate. Comparing the 
modulus measured at the same rate amongst different conditions, such as Sham 
versus DMM, can therefore identify relative differences in their mechanical 
behaviors. In addition, following the same procedure [115], nanoindentation was 
performed on the non-ossified, central region, proximal surfaces of medial and 
lateral menisci at 8 weeks after surgery (n = 5).  
2.2.3 Histology and immunohistochemistry 
For histology, additional mice were euthanized at 4-12 weeks after surgery (n = 
5/time point). Whole joints of both knees were harvested, fixed in 4% 
paraformaldehyde, decalcified in 10% EDTA, and embedded in paraffin. Serial 6-
µm-thick sagittal sections were cut across the joint and two sections within every 
consecutive six sections were stained with Safranin-O/Fast Green. From each 
knee, approximately 15 sections were obtained and scored by at least two 
blinded observers (WT and HJ) using the modified Mankin method [100]. To 
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quantify the loss of articular cartilage, cartilage area (total) and Safranin O-
stained area (uncalcified) were outlined and their thicknesses were determined 
by averaging 5 thickness values evenly distributed across the entire cartilage. To 
detect the inflammation of synovium, for each knee, the paraffin section near the 
one with maximal Mankin score was stained with hematoxylin and eosin (H&E) to 
examine the increase in the lining of cellular layers at the edge of synovium, and 
the increase in cell density throughout the whole synovium membrane [116]. To 
detect matrix degradation products in articular cartilage, paraffin sections from 
mice at 2 weeks after surgery were processed for immunohistochemical (IHC) 
staining of aggrecan degradation neoepitopes by matrix metalloproteinases 
(MMPs) (VDIPEN341 [117], a gift from Dr. John S. Mort), as described in Zhang et 
al. [118].  
2.2.4 Micro-computed tomography (µCT) analysis 
To reveal the concurrent changes of subchondral bone, bilateral femurs were 
harvested from additional mice (n = 5) at 8 weeks post-surgery for ex vivo µCT 
analyses (microCT 35, Scanco Medical AG, Brüttisellen, Switzerland). The distal 
end of the femur corresponding to a 0-4.1 mm region was scanned at 6 µm 
isotropic voxel size to acquire 686 µCT slices per scan. All images were 
smoothed by a Gaussian filter (sigma = 1.2, support = 2.0) and contoured at a 
threshold corresponding to 30% of the maximum available range of image gray 
scale. To quantitatively describe the subchondral bone morphology and 
properties, geometric trabecular volumetric bone mineral density (vBMD), bone 
volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular separation 
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(Tb.Sp), trabecular number (Tb.N), and structure model index (SMI), were 
calculated by 3D standard microstructural analysis provided by the manufacturer.  
2.2.5 Fluorescence imaging and blocking of catabolic enzymatic activities 
To detect the proteolytic cleavage of aggrecan by catabolic enzymes, such as 
MMPs, MMPSenseTM 645 FAST (100 µL/mouse) was injected by tail vein into 
additional mice (n = 5) at 6 days after surgery. Although optically silent upon 
injection, this agent can produce fluorescent signal after cleavage by disease 
related activation of various MMPs [119]. To perform ex vivo imaging, femurs and 
tibiae were harvested at day 7 and immediately placed on the black plates for 
image acquiring at 649 nm excitation and 666 nm emission wavelengths. The 
fluorescence intensities, total radiant efficiency [p/s/cm2/sr]/[µW], on cartilage 
were analyzed by Living Image 4.2 (Perkin Elmer).  
To determine whether elevated catabolic enzyme activities are a major 
cause of the early cartilage mechanical weakening after DMM, additional mice (n 
= 5) were intraperitoneally injected with 4 mg/kg/day GM6001 (sc-203979, Santa 
Cruz Biotech., Dallas, TX) daily starting from one day before surgery, and were 
sacrificed at 1 week after surgery for AFM-based nanoindentation tests. GM6001, 
a hydroxamate zinc-chelating active site-directed enzyme inhibitor, can 
effectively block MMP activities, and largely reduce aggrecanase activities [120]. 
For the control group (n = 10), same amount of vehicle dimethyl sulfoxide (DMSO) 
was injected subcutaneously starting from one day before surgery. 
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2.2.6 Statistical tests 
Kolmogorov-Smirnov test suggested that the data distribution is significantly 
different from normal, and thus, non-parametric tests were used. For each time 
point and surgery type, the observed distribution of Eind (e.g., Fig. 1d) can be 
originated from animal-to-animal variations, structural heterogeneity of cartilage 
surface within each joint, and spatial heterogeneity in cartilage degradation 
during PTOA. In this study, significance in the differences between the DMM and 
Sham knees hinges on the consistency of modulus reduction in multiple animals. 
Therefore, instead of pooling modulus values of all locations from different 
animals, we first calculated the average values of Eind from multiple locations of 
each condyle, and then, performed statistical tests on these average values from 
different animals for each time point and surgery type. Since DMM and Sham 
surgeries were performed on the same mouse, Wilcoxon signed rank test was 
used to compare the values of Eind, Mankin score, ttotal, tuncalcified, µCT outcomes, 
synovium OA grades, and MMP activities at each time point. To study the 
impacts of mechanical heterogeneity on the significance within each animal, 
Mann-Whitney U rank sum test was performed on Eind at different locations 
measured on the DMM versus Sham joint. In all the tests, a p-value < 0.05 was 
considered statistically significant. 
2.3 Results  
2.3.1 Histological OA signs 
Histology detected salient cartilage morphological changes after DMM. On the 
medial side, the signs of OA were not significant in either femoral condyle or tibial 
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plateau of DMM knees at 4 weeks post-injury (Fig. 2.2a,b), consistent with other 
DMM studies [103]. The signs became evident, including cartilage surface
 
 
Figure 2.2 Histologic analysis illustrates OA progression of cartilage at 4 to 12 
weeks after surgery. a) Representative Safranin-O/Fast Green-stained images 
showing cartilage thinning and reduced PG staining at 8 – 12 weeks post-surgery 
in the medial condyle of DMM knees, but not in Sham knees (Top bone: femur, 
bottom bone: tibia). Shown together are the histological images of lateral condyle 
at 12 weeks post-surgery. b) Definition of the total cartilage thickness, ttotal, and 
uncalcified cartilage thickness, tuncalcified, shown for 12 weeks after DMM. c) 
Modified Mankin score of DMM versus Sham knees. d-e) Comparisons of 
cartilage thickness. d) ttotal and e) tuncalcified of DMM versus Sham knees at 4 
– 12 weeks after surgery (each error bar represents 95% CI of condyles for the 
same surgery at the same time point, n = 5). 
 
	  
proteoglycan staining reduction and cartilage thinning, at 8 and 12 weeks after 
DMM, resulting in significant modified Mankin scores (Fig. 2.2c). Significant 
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reduction in the thickness of uncalcified and total cartilage illustrated clear signs 
of cartilage erosion (Fig. 2.2d,e). Meanwhile, on the lateral side, we observed a 
marginal Mankin score of 1.50 ± 0.91 at 12 weeks after DMM (n = 4, mean ± 95% 
CI). During the 12-week period, no morphological changes were detected in the 
contralateral Sham knees.  
2.3.2 Reduction in cartilage nanoindentation modulus precedes histological 
signs 
The reduction in effective nanoindentation modulus, Eind, was shown to markedly 
precede histological signs on the medial side (Fig. 2.3a). At 3 days post-surgery, 
moduli of medial condyle cartilage were comparable between DMM and Sham 
knees. By contrast, at 1 week post-surgery, a much earlier time point than when 
histological changes become noticeable, modulus of the DMM knee was 
significantly reduced to 49 ± 8% (mean ± 95% CI) of the Sham control. Later on, 
the DMM cartilage modulus was further declined to 34 ± 12%, 32 ± 8%, and 20 ± 
6% of the Sham control at 2, 4, and 8 weeks post-surgery, respectively. However, 
at 12 weeks post-surgery, the modulus of DMM knee was markedly elevated, to 
a level similar of the Sham knee (82 ± 12%). For the lateral condyle cartilage, 
significant modulus reduction was detected at 4 weeks after DMM, but to a lesser 
extent than the medial side (Fig. 2.3b). However, modulus reduction of lateral 
cartilage also markedly preceded histological changes (4 weeks versus 12 weeks 
after DMM). For the Sham knee cartilage, as expected, the modulus is retained 
in a consistent range throughout the tested time frame. The contrast of Eind 
between the DMM and Sham knees of each individual mouse is consistent with 
the overall trend. For example, for each mouse examined at 1 week post-DMM,  
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Figure 2.3 Effective nanoindentation modulus, Eind, of condyle cartilage after 
surgery. a,b) Modulus, Eind, of a) medial condyle cartilage at 3 days to 12 weeks 
after surgery, and b) lateral condyle cartilage at 1 to 12 weeks after surgery In 
panels a and b, each error bar represents 95% CI of the average Eind from each 
condyle under the same surgery type and time point. 
 
statistical tests using modulus obtained at individual locations (≥ 10 on each 
condyle) suggested modulus reduction is significant even accounting for the 
heterogeneity (Fig. 2.4a), the same conclusion as the Wilcoxon signed rank test 
performed on the average values of Eind (Fig. 2.3a). In addition, the modulus 
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contrast between DMM and Sham knees were also consistent across different 
indentation rates from 1 to 10 µm/s, as shown for 1 week post-surgery (Fig. 2.4b).  
 
 
Figure 2.4 a) Significant reduction of Eind on the DMM compared to the Sham 
knee cartilage within each individual animal at 1 week after surgery. b) 
Significant rate dependence of Eind for cartilage after both DMM and Sham (p < 
0.001 via repeated measure one-way analysis of variance on the global rank 
transforms of actual data, animal 4 in panel a). Each error bar represents 95% CI 
of ≥ 10 locations of cartilage on one murine medial condyle. 
 
 
On the other hand, given the poroviscoelastic nature of cartilage, the difference is 
more pronounced at faster rate. We therefore focused the comparison on Eind at 
the faster rate of 10 µm/s. 
2.3.3 Cartilage surface weakening is associated with elevated proteolytic 
activities 
At 2 weeks post-surgery, IHC staining detected salient aggrecan degradation 
VDIPEN341 neoepitopes by MMPs, on the medial side of DMM knees, but not on 
the Sham knees (Fig. 2.5a). Interestingly, at 1 week after surgery, the 
fluorescence intensity of the MMPSensor in cartilage of DMM knees were 
significantly stronger than that of Sham knees (Fig. 2.5b), indicating that 
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catabolic enzymatic activities, such as MMPs, were elevated rapidly during OA 
initiation. The MMP and aggrecanase inhibitor GM6001 was found to effectively  
 
 
Figure 2.5 a) Immunohistochemical stains revealed an increase in the production 
of VDIPEN341, the cleaved neoepitope of aggrecan by MMPs at 2 weeks after 
DMM. b) In vitro imaging of mouse femurs after MMPSenseTM 645 fast injection 
showed more elevated enzymatic activities on the DMM knee compared to the 
Sham knee in vehicle-treated group (n = 5, each error bar represents 95% CI), 
while such contrast was markedly reduced in GM6001-injected group (n = 10). c) 
After GM6001 injection, the medial condyle cartilage modulus of the DMM knee 
was markedly increased to a level similar to the Sham control (n = 5, each error 
bar represents 95% CI). 
 
 
suppress these enzymatic activities, as shown by the reduced MMPSensor 
signals (Fig. 2.5b). 
Meanwhile, when AFM-nanoindentation was performed on the medial 
condyle cartilage at 1 week after surgery, for mice treated by GM6001, the 
modulus reduction on the DMM knees was significantly attenuated (p = 0.0059 
compared to the vehicle treated DMM knees, n = 5, Fig. 2.5c). In other words, 
Eind was elevated to a level similar to the Sham control (p = 0.080, n = 5).  
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Figure 2.6 Osteoarthritic changes in meniscus, synovium and subchondral 
trabecular bone at 8 weeks after DMM surgery. a) Meniscus: AFM-based 
nanoindentation on meniscus surfaces illustrated marked modulus reduction on 
the medial side, and marginal changes on the lateral side after DMM (n = 5, each 
error bar represents 95% CI). b) Synovium: hematoxylin and eosin (H&E) 
showed no appreciable morphological differences (n = 4). c) Subchondral 
trabecular bone, left panel: frontal plane of µCT images, right panel: trabecular 
structural parameters calculated from µCT images (n = 10). Neither panel 
exhibited significant differences between DMM versus Sham knees. 
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2.3.4 Changes in meniscus, subchondral bone and synovium at 8 weeks 
after DMM 
At 8 weeks after DMM, AFM-nanoindentation detected that the reduction in 
indentation modulus was significant for the medial menisci, but only marginal for 
the lateral menisci (Fig. 2.6a). The effective moduli of the Sham knee menisci 
were similar to our previously reported values of age-matched, normal murine 
menisci [115]. By contrast, for the synovium, histology did not reveal appreciable 
signs of inflammation and hyperplasia, such as synovial lining thickening, 
increased cellularity or inflammatory cell infiltration (Fig. 2.6b). For the sub-
chondral bone, µCT analysis did not show any significant changes between DMM 
and Sham joints (Fig. 2.6c).   
2.4 Discussion 
2.4.1 Nanoindentation modulus: a sensitive indicator of the early onset and 
attenuation of PTOA 
The modulus decrease of medial condyle cartilage at 1 to 2 weeks after DMM 
(Fig. 2.3a) underscores the high sensitivity of Eind to PTOA. In this study, the 
maximum indentation depth Dmax is up to ≈ 0.4-1 µm. Under the spherical tips, 
the stress distribution extends to a depth ≈ 10×Dmax, values of Eind therefore 
represent the effective indentation resistance of the top ~ 4-10µm cartilage layer. 
This layer includes the superficial zone and partly the middle zone of uncalcified 
hyaline cartilage (thickness ≈ 50-100µm in mice) [121]. Since cartilage 
mechanical properties are an integrated contribution of cartilage extracellular 
matrix (ECM) composition and structure [102], they can be influenced by both 
compositional and structural changes of the ECM at the molecular level. In fact, 
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aggrecan fragmentation and collagen fibril disorganization in the superficial layer 
are characteristic molecular events of early OA [122]. Such changes can lead to 
the observed modulus reduction, but does not result in appreciable gross-level 
histological changes. Furthermore, differences of Eind between DMM and Sham 
cartilage increase with loading rate (Fig. 2.4b, 1 week after surgery), suggesting 
at this early stage, these molecular-level changes also alter poroviscoelastic 
properties of cartilage, such as viscosity and hydraulic permeability. This early 
compromise of superficial layer mechanical integrity can drastically reduce the 
fluid support capability in cartilage, increase the friction coefficient of articular 
surface, and initiate fast wearing [123, 124]. 
Our results also underscore that Eind can serve as a sensitive indicator for 
examining the efficiency of PTOA attenuation. The early reduction in Eind is 
synced with enhanced catabolic enzymatic activities, as highlighted by both the 
increased MMPSense signaling at 1 week after DMM (Fig. 2.5b), and presence 
of VDIPEN341 at 2 weeks after (Fig. 2.5a). These results are in agreement with 
the dogma that MMPs and aggrecanases are responsible for cartilage 
degradation in OA [125]. They also suggest a possible pivotal role of MMPs in 
the early onset of PTOA, similar to the dominating role of MMPs in overload-
induced early aggrecan degradation in the intervertebral disc [126]. Blocking 
MMP and aggrecanase activities immediately after DMM can therefore attenuate 
such cartilage degeneration (Fig. 2.5c), and this therapeutic effect can be 
captured by nanoindentation. 
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2.4.2 Mechanical symptoms of medial cartilage in intermediate and late 
PTOA 
After the early cartilage weakening up to 2 weeks post DMM, macroscopic OA 
symptoms start to appear, and the modulus of medial condyle cartilage persists 
at a considerably low level from 2 to 8 weeks (≈ 20-35% of original value, Fig. 
2.3a). During OA progression, proteoglycan content on cartilage surface could 
remain similar [122], as loss in surface proteoglycan is compensated by gradual 
diffusion of proteoglycan fragments from the underneath middle/deep zones. 
Therefore, while the entire cartilage tissue is progressively degenerating, 
modulus of superficial zone remains at a constant range. During this period, the 
reduction in modulus and increase in Mankin scores are in agreement with 
previous macroindentation studies of human OA cartilage, where the increase in 
OA scores is highly correlated with the decrease in indentation modulus [127, 
128].  
At 12 weeks after DMM, the unexpected increase in modulus is due to the 
exposure of deeper, stiffer zones of uncalcified cartilage, which is a result of 
cartilage erosion, evidenced by the significant decrease in tuncalcified (Fig. 2.2d). 
Cartilage middle/deep layer has higher proteoglycan concentration and modulus 
than the superficial layer [129]. The newly exposed deeper layer, albeit being 
damaged, can be stiffer than the damaged superficial layer measured at 8 weeks 
post-DMM or earlier (Fig. 2.3a). At this more severe stage of OA, there remains 
an appreciable amount of hyaline cartilage. Since substrate constraint effect is 
negligible (tuncalcified > 10×Dmax) [130], indentation F-D curves still exhibit typical 
Hertzian responses (Fig. 2.1c). Hypothetically, when the total loss of uncalcified 
 	  
28 
	  
cartilage occurs in more severe OA, we can expect even higher Eind or non-
Hertzian behaviors, as indentation is directly performed on the newly exposed 
calcified cartilage or subchondral bone. Therefore, it is necessary to interpret 
nanoindentation results in the context of cartilage morphology measured by 
histology, especially in advanced OA. Our future studies are applying the 
immunofluorescence-guided AFM [131] to study the through-thickness 
progression of PTOA, as well as mechanical heterogeneity of cartilage ECM and 
pericellular matrix (PCM). 
2.4.3 Spatiotemporal progression of PTOA 
Weakening of lateral condyle cartilage starts at 4 weeks after DMM (Fig. 2.3b), a 
much later time than the directly injured medial side. At 12 weeks, this reduction 
remains moderate and Mankin scores are marginal. Since DMM directly affects 
the medial side loading, it is expected that lateral cartilage degradation, if present, 
is lesser. Here, nanoindentation results clearly illustrate the presence of 
progression of OA from the medial to the lateral side, highlighting the whole joint 
nature of OA. Such changes could be due to elevated catabolic enzymatic 
activities in the joint capsule and altered lateral side cartilage contact mechanics 
upon the degradation of medial cartilage [132].  
At 8 weeks after DMM, in addition to lateral cartilage, the medial menisci 
are also significantly weakened (Fig. 2.6a). Since the direct biomechanical 
consequence of DMM is the meniscus-cartilage contact instability, meniscus can 
be affected by DMM more so than other synovial tissues. The cartilage-meniscus 
mis-alignment created by DMM, coupled by OA-induced decrease in 
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proteoglycan and alteration in fluid pressurization, will lead to extra wear on the 
meniscus. On the lateral side, while modulus reduction of cartilage is moderate 
but significant, such change in meniscus is marginal, which suggests that the 
degradation of meniscus likely lags that of condyle cartilage. Such difference can 
be due to both the lower concentration of proteoglycan, a more OA-susceptible 
constituent, in meniscus [133], and the higher surface modulus of murine 
meniscus than cartilage [115]. By contrast, the subchondral bone and synovium 
do not exhibit substantial changes at 8 weeks post-surgery, conforming to the 
fact that DMM surgery has less direct impacts on these tissues than on cartilage 
and meniscus. 
This study is the first to highlight meniscus mechanical changes in a murine 
PTOA model, contributing to a complete mechanical chronology of PTOA in 
multiple synovial tissues. As meniscus instability is a prevalent cause of PTOA, 
our results further underscore the importance of examining and treating 
meniscus after injury.  
2.4.4 Comparison to other nanomechanics studies of murine cartilage 
This study is distinctive from previous nanomechanical studies of murine 
cartilage. Here, nanomechanical changes of cartilage are direct results of the 
DMM surgery, which has a well-defined OA progression time line. By contrast, 
previous studies mainly focused on the developmental defects in genetically 
modified cartilage. For instance, in collagen IX-null mice [134], cartilage modulus 
decreases at 3-month age, earlier than the onset of spontaneous OA at one year 
age. However, such nanomechanical differences are developmental defects due 
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to the loss of collagen IX, and are likely a major contributor, rather than the result, 
of OA. Similarly, in chondroadherin-null [111] and collagen VI-null [135] mice, the 
modulus reduction represents genetic developmental defects, rather than OA 
symptoms.  
Our modulus results of the Sham knee cartilage are in quantitative 
agreement with skeletally mature, wild-type cartilage measured in other studies, 
which found an effective modulus ~ 1-2MPa via both AFM-nanoindentation [111, 
134] and instrumented microindentation [135, 136]. These values are higher than 
the modulus of murine growth plate cartilage recently measured on the cross-
sections (Eind < 100kPa) [90]. It is worth noting that murine cartilage has higher 
modulus than larger species such as porcine [137], human [134] and bovine 
[138], which is attributed to the negative allometric scaling law [121]. 
Cartilage exhibits salient rate-dependent mechanics, arising from both 
macromolecular friction-governed intrinsic viscoelasticity [139] and fluid flow-
induced poroelasticity [114]. Recently, AFM-nanorheometric test showed that 
proteoglycan depletion results in >10-fold increase in murine cartilage hydraulic 
permeability, a deterministic factor of poroelasticity [140]. It is likely that besides 
modulus, other mechanical factors also undergo significant changes before the 
onset of PTOA. Our ongoing studies are using the custom AFM-nanorheometer 
[140] to probe into changes in the poroviscoelastic behaviors of cartilage after 
DMM. On the other hand, as shown by this study, Eind can adequately serve as a 
quantitative and sensitive indicator of PTOA (Fig. 2.7).  
 	  
31 
	  
 
 
Figure 2.7 Comparison of timelines in the weakening of cartilage 
nanoindentation modulus (EDMM/ESham) and histology-based modified Mankin 
scores in the DMM-induced OA murine model. The nanoindentation technique 
represents higher sensitivity to detect cartilage degradation compared to 
histology (each error bar represents 95% CI). 
 
2.5 Conclusions 
This chapter demonstrates the high sensitivity of nanoindentation modulus to the 
early stage degradation of cartilage in murine PTOA (Fig. 2.7). The decrease of 
modulus at 1-2 weeks after DMM can be due to the increased catabolic enzyme 
activities following the surgery. Blocking MMP and aggrecanase activities 
significantly attenuates this early modulus decrease. At the intermediate and late 
stage, progression of OA starts to influence the mechanics of lateral cartilage 
and medial meniscus. Findings of this chapter has been published in 
Osteoarthritis and Cartilage the official journal of the Osteoarthritis Research 
Society International [141], and to our knowledge, this is the first study that 
quantifies the mechanical changes of articular cartilage and meniscus in a PTOA 
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murine model. The results provide important knowledge for the pathomechanics 
of PTOA, as well as the search of early detection and prevention strategies. The 
methods presented here can be combined with genetically modified murine 
models to further elucidate the molecular etiology of PTOA.  
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Chapter 3: INDISPENSIBLE ROLES OF DECORIN IN CARTILAGE 
NANOSTRUCTURE AND NANOMECHANICS DURING MATURATION 
3.1 Introduction 
Decorin and biglycan are two structurally similar class I SLRPs that play a critical 
role in the development of connective tissues [11, 142]. Decorin and biglycan 
share ~ 57% amino acid sequence homology in their ~ 40kDa leucine-rich core 
proteins [143]. Decorin has one dermatan sulfate/chondroitin sulfate (DS/CS) or 
glycosaminoglycan (GAG) side chain (~ 45kDa) attached near its N-terminus, 
while biglycan has two DS/CS or GAG side chains [143].    
Decorin and biglycan regulate the ECM development in various 
connective tissues through bindings with cytokines to affect cell signaling [41, 46, 
144] and with ECM collagen to regulate fibrillogenesis [40, 42, 45, 48]. 
Specifically, in articular cartilage, they bind to transforming growth factor-β (TGF-
β) through their core protein to inhibit TGF-β-chondrocyte signaling [145], which 
is suggested as a key OA signaling pathway [146]. Moreover, decorin and 
biglycan bind to collagens II [147] and VI [148] to directly regulate ECM assembly 
(Fig. 3.1).  
Decorin-null (Dcn-/-) mice exhibit abnormal collagen fibril morphology and 
tensile strength reduction in the skin [40]. Also, various studies validate the 
importance of decorin during development and maturation in bone [149], tooth 
[150], cornea [151] and tendon tissues [152].The roles of decorin in cartilage 
have not been studied. However, its importance is indicated by its presence in 
cartilage [153] and up-regulation during early stage OA [154]. Also, the presence  
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Figure 3.1 Binding activities of decorin (Dcn) and Biglycan (Bgn) (schematics 
inspired by Heinegard et al. [11]).	  
 
of OA in other SLRP-deficient murine models, such as biglycan-null (Bgn-/-/Bgn-/0) 
and fibromodulin-null mice [48], and increased fragmentation of decorin during 
late stage OA [155, 156] highlight the potential significance of decorin in OA. In 
mature cartilage, decorin is enriched in superficial zone and concentrated in the 
intracellular and territorial regions while its concentration is lower in pericellular 
matrix [153]. In developing cartilage, decorin is homogenously distributed across 
the tissue [157]. This spatial distribution and temporal variation suggest 
distinctive regulatory roles of decorin in cartilage at different stages of tissue 
development. However, the mechanisms whereby decorin influences the 
formation and maturation of articular cartilage are not known.  
In this chapter, the nanomechanical phenotype of decorin-null mice is 
investigated, which can provide direct insights into the regulatory roles of decorin 
in the cartilage development and maturation. Specifically nanoscale structural 
and mechanical properties of cartilage is studied in decorin-null mice.  The 
results suggest indispensable roles of decorin in the normal mechanical function 
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of cartilage, and provide molecular-level insights into cartilage development and 
maturation. 
3.2 Methods  
3.2.1 Sample Preparation 
Mixed gender of Dcn-/- [40] and WT mice from the C57BL/6 strain were studied at 
ages from 2 weeks old, during endochondral ossification, to 3 months old, mature 
state. Homozygous decorin-null mice colony was obtained from Dr. Renato Iozzo 
(Thomas Jefferson University) [158, 159]. Also, additional 2 weeks old and 2 
months old mixed gender of Bgn-/-/Bgn-/0 [160] mice were examined to study the 
effects of biglycan in cartilage maturation, and 3 months old decorin 
heterozygous (Dcn+/-) mice were examined to study the dose-dependent effects 
of decorin genotype. Limbs from each murine genotype were disarticulated at the 
acetabulofemoral (hip) joint following euthanasia (carbon dioxide) and joints were 
dissected to access the femoral lower extremity containing the articular cartilage 
surface of the femoral condyle. Femoral bone was cleaved above the femoral 
condyles after removal of tendon and ligament tissues. Harvested condyle 
cartilage from medial side of right hind legs were glued to an AFM magnetic disc 
by cyanoacrylate adhesive gel (Loctite 409, Henkel Corp., Rocky Hill, CT) and 
tissues were stored in phosphate buffered saline (PBS) (pH = 7.4) with protease 
inhibitors (Pierce, Waltham, MA) at 4ºC for < 24 h to minimize post-mortem 
degradation.  
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3.2.2 Atomic Force Microscopy (AFM)-based Nanoindentation   
AFM-based nanoindentation was performed on the surfaces of the right femoral 
medial condyle cartilage (n ≥ 5 mice/age/genotype) using a borosilicate colloidal 
spherical tip (R ≈ 5 µm, nominal k ≈ 8.9 N/m, NSC-35 tip A, NanoAndMore, 
Lady’s Island, SC) with a Dimension Icon AFM (BrukerNano, Santa Barbara, CA). 
For each condyle cartilage, at least 10-15 different indentation locations on the 
load bearing regions were tested up to an indentation depth of ≈ 0.5-1 µm at 0.1 
to 10 µm/s AFM z-piezo displacement rates (approximately the indentation rates). 
The indentation modulus, Eind, was calculated via the Hertz model (for details on 
the Hertz model please refer to Chapter 2.2.2).  
3.2.3 Histology and Immunohistochemistry  
Whole joints of Dcn-/-, Bgn-/-/Bgn-/0 and WT knees (left knees of n = 4 mice/age) 
were harvested, fixed in 4% paraformaldehyde (Affymetrix, Santa Clara, CA), 
decalcified in 10% EDTA (Fisher Scientific, Pittsburg, PA), and embedded in 
paraffin (McCormick Scientific, Buffalo Grove, IL). 5 µm thick sagittal sections 
were cut across the joint and were stained with Safranin-O/Fast Green (American 
MasterTech, Lodi, CA) for proteoglycan content. In addition, 
immunohistochemical staining was performed on mature Dcn-/- and WT knee 
sections with decorin antibody (LF-114, gift from Dr. Larry W. Fisher, NIH, 
Bethesda, MA) to examine the presence of decorin in WT mice and to confirm 
the absence of decorin in the Dcn-/- knee sections. Also, IHC staining was 
conducted on 2 weeks old Dcn-/- and WT knee sections with aggrecan 
degradation neoepitopes by MMPs (VDIPEN [117]) and aggrecanases (NITEGE 
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[161]) to determine if the reduction of aggrecan in Dcn-/- mice is due to enzymatic 
degradation of MMPs or aggrecanases.  
3.2.4 Collagen Fibrillar Network Nanostructure 
The distribution of collagen fibril diameter (n = 3 mice/genotype) on the cartilage 
surface was quantified from scanning electron microscopy (SEM) (Centralized 
Research Facilities, Zeiss Supra 50VP) images of mature Dcn-/- and WT mice. 
Enzymatic digestions were carried out to remove proteoglycans, and to enable 
direct visualization of collagen fibrils on the surface. Immediately after 
nanoindentation, tissues were first incubated 0.1 mg/mL bovine pancreatic 
trypsin (Sigma-Aldrich, St. Louis, MO) in PBS (pH = 7.4) at 37°C for 24 hours to 
remove proteoglycans, as previously described [162]. Tissues were then 
incubated in 0.4 U/mL hyaluronidase (Sigma- Aldrich, St. Louis, MO) in PBS with 
10 mM sodium acetate (pH = 6.0) at 37°C for 24 hours to remove hyaluronan 
and exposure of collagen fibril structure [163]. Next, tissues were rinsed in 
deionized (DI) water via sonicator (Branson 1800, Danbury, CT) for 3 minutes to 
remove chemical residuals and fixed with Karnovsky's fixative at room 
temperature for 3 hours. The tissues were dehydrated in a series of graded 
ethanol–water mixtures (ethanol volume ratio: 70%, 80%, 90% and 100%), each 
for two 5-minute immersions. They were then immersed in a series of graded 
mixtures of hexamethyldisilazane (HMDS) (Sigma-Aldrich, St. Louis, MO) and 
ethanol (HMDS volume ratio: 80%, 90% and 100%), each for two 5-minute 
immersions [164]. As surface tension was minimized in HMDS, the tissues were 
dried in air overnight to retain the 3D architecture of the collagen structure and 
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stored in a desiccator prior to imaging. SEM (Zeiss Supra 50VP, Oberkochen, 
Germany) images were acquired on samples coated with ~ 6 nm thick platinum. 
The middle/deep zone collagen fibrils images were obtained from the cross-
sections of mature Dcn-/- and WT mice cartilage via transmission electron 
microscopy (TEM) as described in Zhang et al.[152].   
3.2.5 Gene Analysis  
Real-time quantitative polymerase chain reaction (qPCR) was performed on 
primary chondrocytes from 3 days old Dcn-/- and WT mice. Primary chondrocytes 
were isolated from the cartilage tissue by enzymatic digestion (0.75 mg/mL type I 
collagenase for 12 hours) and cultured in Dulbecco's modified eagle medium: 
nutrient mixture F-12 (DMEM/F12) medium containing 10% fetal bovine serum 
(FBS), 50 µg/mL L-ascorbic acid, 1% glutamine, 100 µg/mL streptomycin, and 
100 U/mL penicillin as described in Zhang et al. [165]. RNA was harvested from 
the chondrocyte cultures using Tri Reagent (Sigma-Aldrich, St. Louis, MO) and 
Taqman Reverse Transcription kit (Applied BioSystems, Foster City, CA) was 
used to reverse-transcribe mRNA into cDNA. PCR was performed using a Power 
SYBR Green PCR Master Mix kit (Applied BioSystems, Foster City, CA). Gene 
expression of major matrix constituents (type II collagen, aggrecan, hyaluronan 
(HAS2) and hyaluronan link protein (HALP)) and SLRPs (decorin and biglycan) 
were quantified to study the mechanisms of the aggrecan loss.  
3.2.6 Statistical Tests 
The non-parametric statistical tests were used to avoid the normal distribution 
assumption. Mann-Whitney U test was performed to determine the significance 
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of decorin deficiency on Eind at different ages. In order to examine the 
significance of rate dependence, Friedman’s test was performed on all locations 
measured at 0.1 – 10 µm/s indentation rates on the cartilage surfaces. Also, 
Kruskal-Wallis test followed by Tukey-Kramer multiple comparison was 
performed to determine the significance of SLRP deficiency on Eind at different 
ages and different genotypes. For fibril diameter analysis (≥ 300 fibrils, n = 3) 
one-way ANOVA was performed to compare the collagen diameters between 
Dcn-/- and WT mice. Moreover, Mann-Whitney U test was performed to determine 
the significance of gene expression between Dcn-/- and WT mice.  
3.3 Results  
Decorin-null mice showed significantly lower Eind compared to WT mice from 2 
weeks (n = 6) to 3 months of age (n ≥ 7), but had similar modulus at 1 week (n = 
5). Furthermore, the expected increase in Eind during skeletal development [19] is 
observed for WT mice from 1 week to 3 months old, but not for decorin-null mice 
(Fig. 3.2b). Moreover, cartilage of 3 months old decorin-null mice has significantly 
lower Eind compared to the Dcn+/- (n ≥ 6) (Fig. 3.3b) and rate-dependence was 
observed (n = 3) for Dcn-/- and WT mice (Fig. 3.3c). The biglycan- null mice 
tested at 2 weeks and 2 months of age (n = 5), the cartilage exhibited 
significantly lower Eind than WT mice. At 2 months but not 2 week, biglycan-null 
cartilage had higher modules than decorin-null murine cartilage (Fig. 3.4).  
In accordance with the lower modulus, histological results showed 
markedly lower sulfated glycosaminoglycans (sGAG) staining for decorin-null  
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Figure 3.2 Absence of decorin affects cartilage mechanical properties during 
maturation. a) IHC staining shows the presence of decorin in mature WT mice. b) 
Effective indentation modulus, Eind, of medial condyle cartilage at different ages, 
significantly reduced modulus from 2 weeks to 3 months ages for Dcn-/- mice 
(mean ± 95% CI, n = 5, *: p < 0.05). 
 
 
cartilage, at both early development (2 weeks old) and young mature (2 months 
old) ages compared to WT mice. At both ages, while biglycan-null mice also had 
reduced sGAG staining, the reduction was more moderate than that of decorin-
null mice (Fig. 3.5). Also, at mature (3 months old) age, Dcn-/- mice cartilage 
exhibited appreciable lower sGAG staining compared to Dcn+/- and WT mice, 
where Dcn+/- and WT mice did not show appreciably difference in sGAG staining 
of femur among them (Fig. 3.3a).  
The surface of Dcn-/- mice cartilage displayed significantly thicker collagen 
fibril diameter with high variation compared to WT mice (n = 3, ≥ 300 fibrils). Also, 
some aligned collagen fibrils (white arrow) were observed in the Dcn-/- mice 
cartilage although the majority of the collagen fibrils were randomly aligned as in 
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Figure 3.3 Structural and mechanical alterations in mature Dcn-/- mice. a) 
Safranin-O/FastGreen staining shows reduced sulfated GAGs in mature Dcn-/- 
mice compared to WT and Dcn+/- mice. b) AFM-based nanoindentation displays 
significantly reduced modulus for Dcn-/- mice (mean ± 95% CI, n = 6, *: p < 0.05). 
c) Rate-dependence of cartilage at mature Dcn-/- and WT mice (mean ± 95% CI, 
n = 3, *: p < 0.01).	  
 
 
WT cartilage surface (Fig. 3.6a). In addition, in the middle/deep zone of cartilage, 
increased fibril alignment was observed in the territorial matrix (white arrow) and 
thickened fibrils were detected in the interterritorial matrix red arrow, (Fig. 3.6b).  
The IHC did not show any noticeable signs of degradation neo-epitopes of 
aggrecan by MMPs or aggrecanases at 2 weeks old for both Dcn-/- and WT mice 
(Fig. 3.7b). Moreover, IHC demonstrated the decorin presence in mature WT  
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Figure 3.4 AFM-based nanoindentation displays significantly lower modulus for 
Bgn-/-/Bgn-/0 mice than WT. 2 weeks old Bgn-/-/Bgn-/0 cartilage had higher 
modulus than Dcn-/- murine cartilage (mean ± 95% CI, n = 5, *: p < 0.05).	  
 
mice, while it was absent in the decorin-null mice (Fig. 3.2a). In the qPCR study, 
the primary chondrocytes from Dcn-/- cartilage did not show any significant 
changes in the expression of major ECM biomolecules other than decorin, 
including aggrecan, collagen II, hyaluronan, hyaluronan link protein and biglycan 
(Fig. 3.7a).   
3.4 Discussion 
This chapter emphasizes the indispensable roles of decorin in the development 
of cartilage. Reduction in Eind from endochondral ossification (2 weeks) to 
maturity (3 months) is observed for decorin-null mice. The expected increase in 
Eind during skeletal development [7, 166] from 1 week to 3 months of age is 
observed for WT mice, but not for decorin-null mice. These mechanical changes 
are attributed to the structural changes in decorin-null cartilage, e.g., reduced 
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Figure 3.5 Safranin-O/Fast Green staining of WT, Dcn-/- and Bgn-/-/Bgn-/0 mice at 
2 weeks and 2 months of age. 
 
aggrecan content and altered collagen network. Markedly reduced sGAG 
staining in decorin-null mice (Fig. 3.5) suggests a crucial role of decorin in the 
presence of aggrecan, since majority of sGAG in cartilage are from aggrecan. 
Moreover, decorin is known to bind to type II collagen molecules and prevents 
the formation of large fibril or fiber bundles [167] (Fig. 3.1). In the absence of 
decorin, cartilage matrix is characterized by the increased average and 
heterogeneity of collagen diameters along with some aligned fibrils (Fig. 3.6).    
Decorin’s role on collagen diameter can be explained through studies on 
other tissues [159], but the reason why its absence leads to the loss of aggrecan 
cannot be explained directly. Several possible scenarios can lead to this  
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Figure 3.6 Structural defects in Dcn-/- cartilage. a) SEM image of a mature Dcn-/- 
cartilage surface shows significantly increased average and heterogeneity of 
collagen diameters (mean ± std, n = 3, *: p < 0.0001) and white arrow shows 
presence of some aligned fibers. b) TEM images of a mature Dcn-/- cartilage 
middle/deep zone shows increased alignment (white arrow) and thickened fibers 
(red arrow).	  
 
phenomenon, such as diffusion of aggrecan from the matrix, altered chondrocyte 
gene expression of aggrecan or the degradation of aggrecan by enzymatic 
activities. In cartilage ECM, the aggrecan-hyaluronan aggregate is entrapped 
within the collagen network [168]. Given the known regulatory role of decorin in 
collagen structure [152, 167], it is likely that decorin indirectly affects the retention 
of aggrecan through influencing collagen structure. Also, decorin binds to 
aggrecan through matrilins [169], but it is unclear if this is a critical mechanism 
that plays a role in sGAG structural integrity. In addition, two possible 
mechanisms have been ruled out for the observed aggrecan loss, which are the 
altered chondrocyte gene expression of major ECM constituents and the 
elevated degradation of aggrecan in cartilage (Fig. 3.7). Furthermore, as studies  
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Figure 3.7 Ruling out sources for aggrecan loss a) qPCR on primary 
chondrocytes shows no significant changes in the expression of major ECM 
molecules beside decorin (mean ± SEM, n = 5, *: p < 0.05). b) IHC shows no 
staining of aggrecan degradation neo-epitopes by aggrecanases (NITEGE) or 
MMPs (VDIPEN) in 2 week old Dcn-/- and WT mice cartilages. 
 
 
have suggested, chondrocytes lacking decorin produce similar level of GAGs at 
the transcriptional level [170]. Our ongoing studies are further investigating the 
underlying molecular mechanisms that contribute to the observed matrix 
phenotypes.  
Biglycan-null mice have similar, but more moderate phenotype in the 
reduction of both modulus (Fig. 3.4) and aggrecan content (Fig. 3.5). In normal 
cartilage matrix, decorin is more concentrated in the territorial/interterritorial 
matrices [40, 152], while biglycan is largely localized in the PCM [171]. It is thus 
likely that the roles of biglycan are less critical in the formation and function of 
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cartilage ECM fibrillar network. In addition, due to the high structural similarity 
between decorin and biglycan (57% amino acid sequence homology [172]), we 
can expect functional compensation between decorin and biglycan when one of 
them is absent.  
3.5 Conclusion  
This chapter for the first time points to an indispensible role of decorin in the 
structural and mechanical function of cartilage during skeletal maturation. 
Findings of this chapter suggest that, decorin can influence cartilage mechanical 
properties by regulating both the structure of collagen fibril network and presence 
of aggrecan in cartilage ECM. Moreover, biglycan is likely to play a similar, but 
smaller role than decorin, and molecular mechanisms of how decorin and 
biglycan influence cartilage ECM remain unclear. Altogether, these findings can 
serve as a stepping stone for understanding the development of articular 
cartilage from molecular perspective, and set a foundation for the functional 
evaluation of osteoarthritis pathogenesis and cartilage regeneration.  
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Chapter 4: HIERARCHICAL STRUCTURE AND BIOMECHANICAL 
PROPERTIES OF MURINE TEMPOROMANDIBULAR JOINT 
DISC AND CONDYLE CARTILAGE  
4.1 Introduction 
In the temporomandibular joint (TMJ), the mandibular condyle cartilage and 
articular disc play key biomechanical roles in daily activities, such as chewing 
and speaking. The TMJ disc is a fibrocartilage mainly composed of 
anteroposteriorly aligned type I collagen fibers with minute amount of 
proteoglycans [173]. The mandibular cartilage is a hybrid of fibro- and hyaline 
cartilage, in which, a surface fibrocartilage layer with anteroposterior type I 
collagen fibers covers a secondary layer of proteoglycan-rich hyaline cartilage 
[174]. Such structural features endow these tissues with specialized nonlinear, 
anisotropic and heterogeneous biomechanical properties crucial to TMJ function. 
These properties include several orders higher tensile than compressive modulus 
[175, 176], as well as higher tensile [173, 174] and shear [177, 178] moduli along 
the anteroposterior orientation with lower friction coefficients.  
In TMJ osteoarthritis (TMJ OA), the most prevalent degenerative TMJ 
disease [179], which has been reported to affect 10-30% of the population [180], 
and can be present without clinical symptoms [181], both the disc and condyle 
cartilage undergo irreversible degradation, leading to abnormal joint contact, 
craniomandibular pain and limited jaw motion. In seeking for effective treatment 
and functional repair strategies, murine model becomes a necessary and unique 
in vivo platform, where its availability for genetic modification and short lifespan 
enable pinpointing the TMJ development, biology and pathogenesis to specific 
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molecules or signaling pathways [182]. Evaluation of the phenotype in genetically 
modified mice has provided new insights into the roles of individual matrix 
molecules in TMJ development and OA, such as lubricin [183, 184], biglycan and 
fibromodulin [185], collagen types II [186] and XI [187]. In addition, aided by 
clinically relevant operations such as partial discectomy [188] and anterior 
crossbite prosthesis [189], TMJ OA can be induced in mice to study the disease 
initiation and progression in a well-defined timeframe in vivo.  
In these studies, developmental phenotype and disease symptoms of the 
TMJ are mainly evaluated by biochemical and histological assays. While these 
tools clearly illustrate the compositional and tissue-level structural changes, they 
do not uncover changes in mechanical functions of TMJ during development or 
disease. This mechanics knowledge, however, is critical, for that the primary 
function of the TMJ is biomechanical. In addition, as mechanical properties are 
integrated responses of tissue extracellular matrix (ECM) composition and 
structure [102], they could be more sensitive to disease-induced degradation 
than biochemical or structural parameters. Currently, limited by the small volume 
of the murine TMJ tissues, conventional tissue-level biomechanical tests are not 
applicable to murine TMJs. Without such understanding, biological activities 
observed in murine models cannot be directly connected with the TMJ tissue 
function or disease-associated dysfunction. 
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Figure 4.1 Murine temporomandibular joint (TMJ) and force versus depth (F-D) 
curves. a) Safranin-O/Fast Green histology of sagittal sections show the 
morphology of murine TMJ, highlighting the tissues of interest in this study: 
articular disc and mandibular condyle cartilage. b) Representative indentation F-
D curves measured at 10 µm/s indentation rate on the central regions of articular 
condyle and articular disc surfaces. The symbols are experimental data (density 
reduced for clarity), and solid lines are associated Hertz model fits to each entire 
portion of the loading F-D curve.	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The objective of this study is to define the hierarchical structure and 
biomechanical properties of murine TMJ disc and condylar cartilage (Fig 4.1a). 
To this end, nanoindentation fits well with the scope given its capability of testing 
mechanical properties at the microscale, as demonstrated in several previous 
studies applying atomic force microscopy (AFM) [190, 191] and instrumented 
[192] nanoindentation on larger animal TMJs. Using AFM-nanoindentation, we 
quantified the mechanical properties of TMJ disc and condyle cartilage in 
skeletally mature, wild-type mice, including indentation modulus, loading rate 
effects, and location-dependent heterogeneity. The micromechanical properties 
were analyzed in the context of nanoscale collagen fibril structure of both the disc 
and condyle cartilage surfaces. We expect this new understanding of healthy 
murine TMJ tissue biomechanics to serve as a benchmark for future 
investigations of TMJ development, aging and disease-associated mechanical 
changes in various transgenic or induced TMJ OA murine models. 
4.2 Methods 
4.2.1 Sample Preparation 
TMJ condyle heads and articular discs were harvested from skeletally mature, 3-
month old C57BL/6 mice (The Jackson Laboratory) and glued onto AFM discs by 
a cyanoacrylate adhesive gel glue (Loctite 409, Henkel Corp., Rocky Hill, CT). 
Samples were preserved in PBS (pH = 7.4) with protease inhibitors (Pierce, 
Thermo Fisher Scientific, Rockford, IL) at 4°C for less than 24 hours before the 
mechanical test.  No statistical differences were observed in the mechanical 
properties of left versus right condyle cartilage tissues or discs. Therefore, for 
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each mouse, condyle cartilage from either the left or the right TMJ was tested. To 
study both superior and inferior surfaces of the disc, we tested one disc on the 
superior (tubercle) side, and the other one from the same mouse on the inferior 
(condyle) side. 
4.2.2 Atomic Force Microscopy (AFM)-based Nanoindentation 
AFM-nanoindentation was performed on the surfaces of TMJ condyle cartilage 
and disc using a borosilicate colloidal spherical tip (R ≈ 5 µm, NSC35-C, nominal 
k ≈ 5.4 N/m for condyle cartilage; NSC36-B, k ≈ 2 N/m for articular disc, 
NanoAndMore, Lady’s Island, SC) and a Dimension Icon AFM (BrukerNano, 
Santa Barbara, CA) (Fig 4.1b). For condyle cartilage, since access to the non-
central regions is limited by its irregular shape, nanoindentation was only 
performed on the central region. Benefited from the flat geometry of the disc, 
nanoindentation was performed on five anatomical regions: anterior, posterior, 
central, medial and lateral regions on both the superior (tubercle) and inferior 
(condyle) sides. For each tissue and region, indentation was carried out up to ≈ 
150 nN maximum force at 1 – 10 µm/s rates for at least 8 different locations 
within each region.  
The effective indentation modulus, Eind, was calculated by fitting the whole 
loading portion of force-indentation depth, F-D, curve to the Hertz model with 
finite thickness correction.  
𝐹 =   43 𝐸!"#(1− 𝜈!)   𝑅!/!  𝐷!/!𝐶!(𝑅,𝐷,𝐻, 𝜈) 
where R is the tip radius, ν is the Poisson’s ratio (≈ 0 for both condyle cartilage 
[193]  and TMJ disc [194]) and Cx is the substrate constraint correction factor that 
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depends on R, D, H, and ν [195]. For the articular disc, the tissue thickness, H, is 
measured via histological pictures, where H = 30.3 ± 8.0 µm (mean ± 95% CI 
over 20 measurements on 3 animals) in the center region and H > 100 µm in the 
other regions (113 ± 23 µm at the posterior, 117 ± 24 µm at the anterior of the 
disc, 115 ± 2 µm at the medial and lateral ends). Thickness of the fibrous 
superficial layer of condyle cartilage is also > 100 µm.  
4.2.3 Structural Analysis 
After nanoindentation, TMJ condyle cartilage and both sides of articular discs 
were exposed to enzymatic digestion to enable direct visualization of the 
collagen fibrils on the surface. First, tissues were incubated 0.1 mg/mL bovine 
pancreatic trypsin (Sigma-Aldrich, St. Louis, MO) in PBS (pH = 7.4) at 37°C for 
24 hours to remove the proteoglycans, as previously described [162]. Second, 
samples were then incubated in 0.4 U/mL hyaluronidase (Sigma-Aldrich, St. 
Louise, MO) in PBS with 10mM sodium acetate (pH = 6.0) at 37°C for 24 hours 
to remove the proteoglycans and expose the collagen fibril architecture. 
Afterwards, tissues were rinsed with deionized water to remove residual 
chemicals, fixed in Karnovsky's fixative, thoroughly rinsed again. Third, the 
samples were dehydrated in a series of graded ethanol-water mixture, and then 
hexamethyldisilazane (HMDS)-ethanol mixtures to retain the 3D architecture of 
collagen network, following established procedures [164]. Fourth, the samples 
were air dried overnight and stored in a desiccator prior to imaging. SEM (Zeiss 
Supra 50VP) images were acquired on samples coated with ~ 6 nm thick 
platinum and collagen diameter was calculated from SEM images via ImageJ. 
 	  
53 
	  
For histology, additional mice were euthanized (n = 4) and the entire inferior TMJ 
joint, including condyle cartilage and disc were harvested, fixed in 4% 
paraformaldehyde, decalcified in 10% EDTA and embedded in paraffin. Sagittal 
sections were cut across the joint and stained with Safranin-O/Fast Green to 
reveal the TMJ morphology.  
4.2.4 Statistical Analysis  
Non-parametric statistical tests were used to avoid the assumption of normal 
distribution. To evaluate the regional heterogeneity across all five regions on 
each side of the articular disc, two-way analysis of the variance (ANOVA) on the 
global rank transformation followed by Tukey-Kramer post-hoc multiple 
comparison was performed on the mechanical moduli at all different regions and 
different animals. The anatomical region was taken as a fixed effect, and the 
animal number was taken as a randomized effect. To study the micromechanical 
heterogeneity within each individual disc, Kruskal-Wallis test followed by Tukey-
Kramer multiple comparison was performed through all locations measured on 
five regions of each disc surface. To examine the significance of loading rate 
dependence, Friedman’s test was performed on all locations measured at 1 - 10 
µm/s rates within each region of interest on the disc and condyle surfaces. For 
fibril diameter analysis, as ≥ 300 fibrils (from n = 3 animals) were measured on 
each surface, according to the central limit theorem, the parametric one-way 
ANOVA followed by Tukey-Kramer post-hoc test was performed to compare the 
diameters across the three tissue surfaces. 
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Figure 4.2 Effective indentation modulus, Eind, of 3-month old murine 
temporomandibular condyle cartilage and articular disc surfaces. a) Comparison 
across three tissue sites. For condyle cartilage, each data point represents 
averaged values of ≥ 8 locations measured on the central region of one animal. 
For articular disc, each data point represents averaged value of ≥ 40 locations 
measured on all five regions of each animal. b) Comparison across five different 
anatomical regions on the articular disc surface (A: anterior, P: posterior, C: 
central, M: medial, L: lateral), each data point represents averaged value of ≥ 8 
measured on each region of one animal. Regions share different letters are 
statistically different (p < 0.05, mean ± 95% CI). 
 
4.3 Results 
The mandibular condyle had the significantly higher modulus Eind (306 ± 84 kPa, 
mean ± 95% CI) than the TMJ disc (superior surface, 81± 23 kPa; inferior surface  
45 ± 12 kPa) (n ≥ 7 via Mann-Whitney U test, Fig. 4.2a). Under AFM-
nanoindentation, with a maximum indenting depth < 1.5 µm, the biomechanical 
outcome is mainly determined by the top ~ 10-15 µm layer of tissue surface (~ 10 
× indenting depth). For TMJ disc, as the thickness is ~ 30 µm in the thinnest 
central region, Eind here reflects the apparent loading behaviors of the tissue. 
However, as the superficial fibrocartilage layer of condyle cartilage is > 100 µm 
thick, Eind from the nano-indentation may only represents the properties of the top 
fibrocartilage layer, and depends little on the mechanical functions of the 
secondary hyaline cartilage layer (Fig. 4.1a). On both surfaces of TMJ disc, Eind 
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was found to vary significantly with anatomical regions, with highest modulus at 
the posterior end, lowest at the center, and similar moduli amongst other sites 
(Fig. 4.2b). This trend was consistent on both the superior and inferior sides. 
Within each individual animal, significant heterogeneity in Eind was also observed, 
similar to the overall trend shown in Fig. 4.2b (shown for one representative 
animal in Fig. 4.3a, Kruskal-Wallis test followed by Tukey-Kramer multiple 
comparison). Significant loading rate-dependence in Eind was observed on all 
three tissues, similar to that of most cartilaginous tissues. As shown for 
measurements of each surface on one animal, varying indentation depth rate for 
10-times (1 to 10 µm/s) results in 33 ± 10%, 54 ± 10% and 76 ± 33% increase in 
Eind for the condyle, superior and inferior surfaces of the disc, respectively (Fig. 
4.3b).  
SEM images revealed detailed collagen fibril structure on the surfaces of 
mandibular condyle cartilage (Fig. 4.4) and articular disc (Fig. 4.5). On the 
condyle cartilage surface, most collagen fibrils were running in random directions 
to form a porous collagen network of the fibrous layer.  On the articular disc 
surface, most fibrils were highly aligned and aggregated to form fibers. These 
fibers are aligned along or near the anteroposterior orientation, similar to the 
observations on larger animal TMJ disc and condyle cartilage. On both superior  
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Figure 4.3 Heterogeneity and rate-dependence of effective indentation modulus 
within individual animal. a) Variation of Eind on the superior and inferior surfaces 
of TMJ articular disc from one representative 3-month old mouse. b) Rate-
dependence of Eind measured on the central regions of TMJ condyle cartilage 
and articular disc from one 3-month old mouse. Each data point represents one 
indentation location (p < 0.05, mean ± 95% CI). 
 
 
and inferior surfaces, there also exit transversely aligned, thinner random fibrils.  
The estimated fibril diameters were 21.5 ± 0.3 nm (mean ± 95% CI from ≥ 300 
fibrils measured on n = 3 animals) for the condyle cartilage surface, which were 
significantly thinner (p < 0.0001) than those on the disc surfaces (33.4 ± 0.3 nm 
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for superior surface, 32.9 ± 0.5 nm for inferior surface, mean ± 95% CI from ≥ 
300 fibrils measured on n = 3 animals, both of which are statistically similar).  
 
 
 
Figure 4.4 SEM images of the central region of the mandibular condyle cartilage 
surface. 
 
4.4 Discussion 
4.4.1 Specialized Biomechanical Properties of Murine TMJ Tissues 
This study reveals the specialized nanostructural and micromechanical 
characteristics of murine TMJ disc and condyle cartilage. Notably, the condyle 
cartilage surface has ≈ 5 - 8 times higher modulus than that of the disc (Fig. 4.2a). 
This difference can be attributed to the fine mesh that was woven with abundant 
thin collagen fibrils on the TMJ condyle surface. Highly dense and randomly 
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arranged thin collagen fibrils on TMJ condyle surface provide strong collagen 
network with higher tensile stiffness. When fibrous tissues are deformed by 
spherical indenters, the F-D curves represent an integrated response of both 
compressive and tensile resistance of collagen fibrils within the matrix. Here, the 
higher stiffness of condyle cartilage is likely a direct result from the altered 
collagen fibril structure on the surface. This condyle versus disc contrast is 
distinctive from the TMJs of larger animals tested under various modalities. 
Under unconfined compression, disc has higher modulus than condyle cartilage 
in both porcine [175, 196] and hircine [193] TMJs. Under tension, the porcine 
disc is stiffer than condyle cartilage along the anteroposterior orientation, but 
softer along the mediolateral orientation [173, 174]. Under spherical 
microindentation (R ≈ 0.8 mm), porcine condyle cartilage has higher aggregated 
modulus than the disc when tested at similar forces [197, 198]. However, in all 
these modes, the differences in modulus are less than two folds. The > 5 × 
higher modulus of the condyle cartilage measured here (Fig. 4.2) is likely a 
feature specific to the anatomy and loading of murine TMJ. The anatomy of 
murine TMJ is different from those of larger species, including human. In murine 
TMJ, the thickness of disc (≈ 30 µm in the central region) is much less than that 
of condyle cartilage (> 100 µm), while in larger animals, these two tissues have 
comparable thicknesses. During the articulation of TMJ, through direct load 
transmission with the condyle, the disc provides a cushion effect to facilitate 
dissipating energy and to prevent direct condyle-temporal fossa contact that 
impacts brain [199]. In larger animal TMJs, this cushion effect can arise from the 
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intrinsic energy dissipative, poroviscoelastic deformation of the mm-thick disc. 
However, in murine TMJ, despite the presence of salient rate dependent 
mechanics (Fig. 4.3a), this effect is likely less important due to the small volume, 
µm-scale thickness of the disc. To this end, the one-order lower modulus of the 
disc enables greater deformation of the disc during joint movement, which 
effectively improves the disc-contact congruency, enlarges the loading area, and 
reduces the contact stress on condyle and temporal fossa. Thus, the soft disc 
functions as an extra cushion during TMJ movement to reduce the impact on 
skull. Meanwhile, this mechanical asymmetry is a prevalent feature of articular 
joints, as opposing cartilaginous tissues often have different mechanical stiffness. 
For example, cartilage on tibia plateau is stiffer that cartilage on condyle head in 
the knee joint. The functional benefit of such asymmetrical pattern is not fully 
understood.  
4.4.2 Micromechanical Heterogeneity of TMJ Disc 
For the TMJ disc, higher modulus on the superior surface (Fig. 4.2) is likely also 
associated with the unique morphology of murine TMJ. Since the disc inferior 
side is in direct contact with the condyle, a larger deformation on the inferior side 
is beneficial for disc-condyle congruency, while the higher stiffness of the 
superior side can facilitate sustaining tensile stresses, and re-distributing tensile 
loads to the temporal bone [200]. On both surfaces, the thinnest central regions 
have the lowest modulus, which, at the same time, also likely undergoes the 
highest disc-condyle contact stress. The lowest modulus therefore can assist  
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Figure 4.5 SEM images of five different anatomical regions on a) superior and b) 
inferior sides of the articular disc surface. 
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larger deformation at the center to enhance disc-condyle congruency and reduce 
point contact stress. However, the low stiffness and high loading also makes the 
central region of disc vulnerable to mechanical damage, as disc perforation 
mostly initiates at the central region, and disc folding also often occurs at the 
center after displacement. On the other hand, the posterior ends of disc have 
higher modulus than other regions. This can be associated with the fact that the 
tensile and shear stress is primarily along the anteroposterior orientation [201], 
and the posterior end likely sustains higher stress than other regions. This 
heterogeneity is also different in larger animal discs, heterogeneity is also 
present, where the posterior and anterior ends are stiffer, but the central region is 
not softer than the medial or lateral sides [202]. On the other hand, in larger 
animals, modulus was also found to be positively correlated with local cartilage 
thickness [196, 203], a trend consistent with our observations in mice.  
4.4.3 Collagen Nanostructure-mechanics Relationships 
On the murine disc surface, the dominance of anteroposterior collagen fibers (Fig. 
4.5) is similar to the structure of large animal discs [204]. Also this feature is 
different from the TMJ disc surfaces in larger animals by being covered by an 
integrated layer of transversely random fibrils [205, 206]. It is possible that the 
assembly and formation of the 30-µm-thick murine disc take different molecular 
paths, which impedes the formation of an integrated transverse random fibril 
layer on the surface. By contrast, for the much thicker condyle cartilage, despite 
also being a fibrocartilage, a layer of random collagen fibrils can be found on the 
surface (Fig. 4.4).  
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In accordance with the aligned fibers on disc surfaces, indentation F-D 
curves show two different behaviors. One group yields the typical F-D3/2 Hertzian  
 
 
 
	  
	  
Figure 4.6 Non-Hertzian indentation responses of the TMJ articular disc surface. 
a) Two types of representative indentation force versus depth F-D curves from 
the posterior region of the TMJ disc superior surface. Type I: Hertzian indentation 
curve where F ~ D3/2, where R2 (Hertz) > R2 (linear). Type II: linear indentation 
curve where F ~ D, where R2 (Hertz) < R2 (linear). b,c) Histograms of the 
distribution of Eind from two indentation curve types on b) the superior and c) the 
inferior surfaces of the TMJ disc (≥ 300 locations from seven animals for each 
side of the disc. No significant difference in Eind was found between type I and II 
curves on each surface). 
 	  
63 
	  
dependence (type I in Fig. 4.6, 72 ± 6% on superior surface, 86 ± 4% on inferior 
surface, mean ± 95% CI), while another group yields a non-Hertzian, close to 
linear F-D behavior (type II in Fig. 4.6, 28 ± 6% on superior surface, 14 ± 4% on 
inferior surface), signified by higher coefficient of determination R2 from the linear 
fit. For soft tissues, indentation by spherical tips normally produces nonlinear 
increase in force versus depth, for that the tip-contact area increases in a near 
hyperbolic manner with indentation depth [207]. The elastic Hertz contact model 
can sufficiently predict the F-D responses in the regime where material stress-
strain (not force-depth) response is linear (strain ε < 20%, and D < 0.4R [208]). 
On the disc surface, besides the Hertzian F-D curves (type I in Fig. 4.6), the non-
Hertzian, close to linear F-D curves are also a major response. This response is 
possible when the indentation is performed on the highly aligned, larger collagen 
fibers, where loading vertical to the fiber axis mainly induces tensile stretch of 
fibers. In this case, the tensile resistance of fibers dominates the indentation 
response. This hypothesis is in agreement with SEM outcomes showing the 
presence of highly aligned collagen fibers on both surfaces (Fig. 4.5). In 
comparison, this linear response is absent on condyle cartilage surface, which is 
dominated by randomly aligned fibrils (Fig. 4.4). In our previous study, we found 
that the linear F-D response is the primary response of murine meniscus, whose 
surface is dominated by highly aligned collagen fibrils along its circumferential 
orientation [115]. The disc surface collagen structure also likely contributes to the 
boundary lubrication of the disc, for which, the friction coefficient along the 
anteroposterior orientation, i.e., the collagen fiber axis, is much lower than the 
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mediolateral orientation [124]. 
4.4.4 Limitation and Future Work 
One limitation of this study is that, restricted by the shape of the mandibular 
condyle, we were not able to assess all five regions of the condyle surface. The > 
100 µm thickness of the superficial fibrocartilage layer also prevented us to 
directly assess the properties of the secondary hyaline cartilage layer. In addition, 
the significant rate-dependence of Eind, signifies the presence of energy 
dissipative deformation mechanisms, which is essential for shock absorption and 
stress attenuation [175, 194, 199]. Since the surfaces of both disc and condyle 
cartilage are fibrocartilage tissues with minute proteoglycans, this rate-dependent 
mechanics is likely a combination of intrinsic viscoelasticity due to intra- and 
inter-fibril interactions as well as fluid flow induced poroelasticity, which can be 
distinctive from the aggrecan-rich knee cartilage. However, current study was not 
able to delineate the exact mechanisms. To this end, our ongoing studies aim to 
address these limitations, and to provide a comprehensive understanding of the 
murine TMJ biomechanics, which will be achieved through immunofluorescence-
guided AFM tests on unfixed condyle cryo-sections and the use of our custom-
built nanorheometer [138, 209].  
4.5 Conclusions 
This study is the first to define the nanostructural and micromechanical properties 
of the mandibular cartilage and articular disc, as well as the condyle-disc 
mechanical contrasts, and the micromechanical heterogeneity of the disc. The 
observed non-Hertzian indentation response signifies the fibrous nature of TMJ 
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disc, which is in alignment with other fibrous tissues, such as chicken tendon and 
murine meniscus. These features highlight the unique biomechanics of murine 
TMJ, providing a benchmark for studying the biomechanics of TMJ and 
pathomechanics of TMJ disorder in murine models. With the knowledge basis 
from this work, we can carry out more detailed studies on the murine TMJ, aided 
by more advanced AFM techniques. Meanwhile, this study will serve as a 
benchmark for studying the developmental defects and TMJ OA-associated 
functional loss on genetically modified mice or stimulation-induced TMJ OA 
murine models.  
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Chapter 5: CONCLUSIONS 
This dissertation provided new knowledge of the nanoscale structure-mechanics 
relationships of cartilage tissues at both healthy and diseased states. Such 
knowledge is interpreted within the context of cartilage matrix structural assembly 
and molecular activities. In chapters 2, 3 and 4, three clinically relevant topics 
were investigated. The results provided new insights into the detection of early 
OA, regulatory roles of decorin in cartilage development, as well as the structure-
mechanics relationships of TMJ disc and condyle cartilage, respectively.  
 Findings in chapter 2 demonstrated the high sensitivity of nanoindentation 
modulus in detecting early cartilage degradation in murine OA. The early 
modulus decrease was attributed to the elevated catabolic molecular activities, 
such as MMPs. Blocking MMP and aggrecanase activities were shown to 
attenuate this early modulus decrease, which illustrated the feasibility of using 
nanoindentation to evaluate the potential of OA attenuation. Results in chapter 3 
highlighted the critical role of decorin in the structure-mechanics relationship of 
cartilage during skeletal maturation. It was shown that decorin regulates both the 
structure of collagen fibril network and the presence of aggrecan in cartilage 
ECM, thereby impacting the mechanical properties. The findings also suggested 
that biglycan played a similar, but a subordinate role in comparison to decorin. In 
chapter 4, nanostructural and micromechanical properties of the murine 
mandibular condyle cartilage and articular disc were defined for the first time. 
Mechanical differences of mandibular cartilage and disc were interpreted within 
the context to the specialized collagen fibrillar nanostructure of each tissue.  
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Taken together, this dissertation provided new insights into the structure-
mechanics relationship of joint tissues in both healthy and disease states. The 
new nanomechanical tools presented in this work will enable future studies of OA 
and cartilage development. For example, future studies can combine the DMM 
surgery with genetically modified murine models to elucidate the molecular 
etiology of PTOA and the roles of individual molecules (such as decorin) in 
cartilage pathogenesis, and can apply nanomechanical tests to the TMJ of 
genetically mice to study TMJ development and disease etiology.  
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